Background: CD8+ T cells play an important role in control of viral replication during acute and early human immunodeficiency virus type 1 (HIV-1) infection, contributing to containment of the acute viral burst and establishment of the prognostically-important persisting viral load. Understanding mechanisms that impair CD8+ T cell-mediated control of HIV replication in primary infection is thus of importance. This study addressed the relative extent to which HIV-specific T cell responses are impacted by viral mutational escape versus reduction in response avidity during the first year of infection. Results: 18 patients presenting with symptomatic primary HIV-1 infection, most of whom subsequently established moderate-high persisting viral loads, were studied. HIV-specific T cell responses were mapped in each individual and responses to a subset of optimally-defined CD8+ T cell epitopes were followed from acute infection onwards to determine whether they were escaped or declined in avidity over time. During the first year of infection, sequence variation occurred in/around 26/33 epitopes studied (79%). In 82% of cases of intra-epitopic sequence variation, the mutation was confirmed to confer escape, although T cell responses were subsequently expanded to variant sequences in some cases. In contrast, < 10% of responses to index sequence epitopes declined in functional avidity over the same time-frame, and a similar proportion of responses actually exhibited an increase in functional avidity during this period.
Background
Virus-specific CD8+ T cell responses are expanded as the acute burst of viral replication occurs in primary HIV infection [1] [2] [3] and are thought to make an important contribution to resolution of acute viraemia and establishment and maintenance of the level of ongoing virus replication [4] [5] [6] . Understanding of mechanisms that may undermine the ability of HIV-specific CD8+ T cell responses to achieve and sustain good control of virus replication in the critical initial phase of infection is of importance to inform the rational design of prophylactic and therapeutic strategies targeting cellmediated responses to induce optimal containment of HIV infection. Mechanisms proposed to contribute to impairment of T cell-mediated control of viral replication during acute/early infection include virus mutational escape from CD8+ T cell responses [4, 7] , reduction in the functional avidity of CD8+ T cell responses (possibly due to the exhaustion and deletion of higher avidity T cell clones [8, 9] ) and acquisition of defects in the functional capacity of HIV-specific T cells [10] [11] [12] [13] [14] . However, the relative contribution of each of these mechanisms to impairment of HIV control during acute/early infection is not well understood.
HIV evolution to acquire mutations conferring partial or complete escape from epitope-specific CD8+ T cell responses occurs commonly at the population level [15, 16] and has been shown to take place during both acute/early infection [3, 4, 6, 7, 17] and chronic infection [18, 19] . Evolution of mutations in or around T cell epitopes can promote escape via mechanisms including impaired antigen processing of the epitope, altered binding of the epitope to the cognate human leukocyte antigen (HLA) class I molecule and altered interaction of the HLA class I-peptide complex with the T cell receptor (TCR). The impact of escape from any given epitope-specific T cell response will depend on the relative contribution of that response to overall containment of virus replication and the fitness cost associated with viral sequence variation. In some cases, escape from the T cell response to a single epitope can lead to loss of control of virus replication and disease progression [18, 19] .
The functional avidity of T cell responses has been shown to influence their efficacy in both viral and tumour models [20] [21] [22] . Higher avidity T cell responses tend to be more efficacious for controlling virus replication because they are sensitive to lower antigen concentrations and preferentially activated early in infection when antigen is limiting, and they initiate target cell lysis better than lower avidity T cells at any given antigen density [23] . In vitro studies also suggest that HIVspecific CD8+ T cells must exceed an epitope-dependent avidity threshold in order to mediate lysis of infected cells, suggesting that small differences in avidity can have a very marked effect on antiviral efficacy [24] . A recent study also reported a relationship between T cell avidity and polyfunctionality, finding that high avidity HIV-specific T cells are typically polyfunctional and capable of mediating potent suppression of viral replication in vitro [25] . However, higher avidity clones are also more prone to becoming exhausted and deleted from the repertoire [8, 9] , and their loss may be associated with reduced control of virus replication. Maintenance of high avidity clones may correlate with more favourable disease prognosis [9] .
In this study, we addressed the relative frequency with which mutational escape and reduction in T cell response avidity occurred in acute and early HIV infection, to gain insight into the potential impact of these two mechanisms on T cell-mediated containment of virus replication at this time. Sequence variation and escape were found to occur much more frequently than reduction in T cell avidity during the first year of infection.
Results
Identification of CD8+ T cell responses in subjects acutely infected with HIV 18 patients presenting with symptomatic primary HIV-1 infection who were sampled at sequential time-points from acute infection onwards were studied ( Table 1) . The first sampling time-point was at a mean of 20 days following onset of symptoms (DFOSx) (median = 18.5 DFOSx, range = 5-55 DFOSx), when the mean viral load was 577,594 copies/ml plasma (range 1,200 -4,337,100 copies/ml) and the majority of subjects had only recently begun to seroconvert. After the acute phase of infection, the majority of subjects controlled virus replication relatively poorly, with only 3 patients containing virus replication to below 2,000 HIV RNA copies/ml (Table 1) .
In each individual, we mapped the specificity of the primary HIV-specific T cell response using an interferon (IFN)γ enzyme-linked immunosorbent spot (ELISPOT) matrix-based peptide screening approach. Patient peripheral blood mononuclear cells (PBMC) pooled from time-points within the first six months of infection (typically from 4-6 months FOSx) were tested for reactivity to overlapping peptides spanning either the clade B consensus (2001) sequence or (in four subjects) the patient's autologous virus sequence determined at the earliest available sampling time-point. The HIV-specific T cell response at the time of mapping targeted a mean of 8.2 epitopic regions (range = 2-17 epitopic regions) and the three most frequently recognised proteins were Gag, Nef and Pol, accounting for 24%, 22% and 22% of all epitopic regions detected, respectively.
T responses to different viral epitopes expand asynchronously in primary HIV infection [3] : typically, rapid expansion of responses to just a limited number of epitopes is initially observed, followed by successive waves of expansion and contraction of responses to other epitopes so that the overall response breadth increases over time, with multiple shifts occurring in the pattern of epitope immunodominance. Having mapped the epitopes recognised at~4-6 months FOSx in each patient, we then performed a kinetic analysis of the magnitude of the response to each epitopic region during acute/ early infection so that a subset of responses appropriate for further study could be selected. Responses chosen were those that were present at a magnitude high enough to permit characterisation at the earliest sampling time-point during acute infection and remained of sufficient magnitude for study over the first year of infection, and where the optimal CD8+ T cell epitope sequence within the epitopic region could readily be identified. In total, we analysed 33 T cell responses to HIV-1 epitopes of 24 different specificities (1-3 epitopes/patient), located in diverse HIV-1 proteins and restricted by a range of HLA class I alleles ( Table 2 ). The responses studied included some that were immunodominant and others that were sub-dominant in the individual's acute/early HIV-specific T cell response. 16 of 33 epitopes (48%) studied were contained within Nef.
Intra-epitopic sequence variation is common during the first year following presentation with HIV-1 infection To address the extent to which T cell responses may have been escaped by viral mutation, autologous virus population sequencing of epitope-containing regions was performed at selected time-points over at least the first year following presentation (with the exception of patients MM45 and MM48 whose last available sequence information was at 213 and 204 DFOSx respectively) ( Table 2) . One or more sites of amino acid variation were observed during year 1 in or around 26/33 (79%) of the epitopes studied. Of these, 17/33 (52%) showed only intra-epitopic sequence variation (Table 2) , 2/33 (6%) showed changes both within the epitope (Table 2 ) and in the flanking regions and 7/33 (21%) exhibited variation in the epitope flanking regions only. In 14/19 (74%) of the cases of intraepitopic sequence variation, the changes became fixed in For 17/19 of the epitope sequences that underwent intra-epitopic sequence variation during year 1, we had sufficient PBMC to perform IFNγ ELISPOT assays to compare T cell recognition of titrated doses of the index sequence and mutant epitope peptide(s). 14/17 (82%) of the mutant epitope peptides were recognised considerably less well by the primary CD8+ T cell response in the patient where they were selected than the corresponding index sequence peptide, i.e. the half-maximal stimulatory concentration of the mutant peptide was at least 10-fold higher than that of the index peptide (Figure 1 , a-n). These were deemed to represent T cell escape variants. In 3/19 cases the mutant peptide(s) were recognised with comparable efficiency to the index sequence peptide and thus failed to meet our criteria for an escape variant (Figure 1, o-q) , although the changes may potentially have conferred escape via effects on epitope processing, which we did not address.
These data demonstrate (i) that sequence variation within/adjacent to T cell epitope sequences occurs very commonly during acute/early HIV-1 infection and (ii) that in a minimum of 82% of cases, the mutations evolving within the epitope resulted in impaired recognition by the primary CD8+ T cell response.
Emergence of T cell responses to escape variant epitopes
Evidence in the literature shows that new responses to variant epitopes can be mounted during HIV infection [26, 27] . As these responses may help to confer continued control of viral replication, we were interested to address whether responses emerged to the variant peptides we defined as escape mutants. For 9/14 of the epitopes where mutations confirmed to confer escape were selected in acute/early infection, we measured T cell recognition of both the index sequence and variant epitope peptides at time-points over the first year of infection by IFNγ ELISPOT assay. A response was considered to have been expanded to the variant peptide(s) if the magnitude of the response to the variant peptide increased over time relative to the response to the index peptide, or if recognition of a previously non-recognised peptide started to be detected. In 7/9 cases, the acutephase T cell response was capable of at least some recognition of the variant epitope peptide and for 5/7 of these ( Figure 2, a-e) , the response to the variant increased in magnitude over time relative to the response to the index sequence peptide, consistent with expansion of a response to the variant epitope. In 2/7 cases ( Figure 2, f and 2g) , although the variant peptide was partially cross-recognised at the earliest time-point, the response to the variant peptide remained relatively stable or reduced relative to the response to the index sequence over time. In 2/9 cases (Figure 2, h and 2i) , it appeared that a de novo response emerged following evolution of the variant sequence because the acutephase T cell response showed no recognition of the variant peptide but a response was detected at subsequent time-points. These results suggest that for a subset of HIV-specific CD8+ T cell responses escaped by the virus, the emergence of variant-specific T cell responses over time may allow for a degree of continued control of viral replication.
The majority of HIV epitope-specific T cell responses maintain stable avidity over the first year of infection To address whether the avidity of CD8+ T cell responses to the founder virus population was altered over time, we measured the avidity of responses to index sequence epitope peptides at selected time-points over the first year FOSx by peptide-titrated IFNγ ELI-SPOT assay. All epitope-specific T cell responses studied had avidity values within the μM to nM range at the earliest time-point tested. When the relative avidity of each response at the earliest time-point available (t = 0) was compared to that~1 year after symptomatic presentation, 7 of 33 responses exhibited a ≥ 10-fold change in avidity over this time. However, of these 7 responses, 4 underwent an increase in avidity; so remarkably only 3/33 (9% of all the responses studied) declined in avidity during this time-frame ( Figure 3 ). As described above, 19/33 (58%) of the responses analysed were directed towards epitopes that underwent intraepitopic sequence variation within the first year FOSx. When we focused on T cell responses to epitopes that did not undergo intra-epitopic sequence variation within the first year, we found that only 1/14 (7%) showed a ≥ 10-fold decrease in avidity between t = 0 and t = 1 year (and this was a response directed against an epitope where there were changes in the flanking sequence, i.e. none of the 7 responses directed against epitopes in completely invariant sequences declined in avidity over the first year of infection). Reduction in the avidity of HIV-specific T cell responses thus occurs much less frequently than T cell-driven escape during the first year of HIV infection.
Discussion
It remains unclear why the strong HIV-specific CD8+ T cell responses induced in primary infection are not more effective in controlling virus replication. Mutational escape and reduction in the functional avidity of virus-specific T cell responses represent two mechanisms by which the ability of HIV-specific CD8+ T cells to control viral replication can become impaired. To address which of these may play a more dominant role in reducing CD8+ T cell-mediated control of virus replication in acute/early HIV infection, we measured the relative frequency of sequence variation/escape from, and assessed whether there were alterations in the avidity of 33 epitope-specific CD8+ T cell responses during the first year of HIV infection in a cohort of subjects presenting with symptomatic primary HIV infection, the majority of whom subsequently established moderatehigh persisting viral loads. Amino acid changes were selected for in/around almost 80% of the epitopes studied during the first year of infection. Although these epitopes were derived from different HIV proteins and restricted by different class I alleles, just under half were contained in Nef. This bias likely arose because we deliberately sought to study responses that were mounted during primary infection, and several studies have demonstrated a preferential targeting of acute-phase T cell responses to Nef [3, 28] . The extent of the Nef bias may have resulted in our over-estimating the frequency of occurrence of mutational escape because Nef is genetically diverse (reflecting the ability of the virus to tolerate sequence variation in this protein), which is likely to facilitate the evolution of escape mutations. However the Nef bias did not substantially affect the conclusions from our study, as sequence variation was observed in/around 65% of non-Nef epitopes during the first year of infection, and 87% of the intra-epitopic changes in these epitopes were found to confer escape.
Conversely, the approach we used to map the epitopes recognised by the primary HIV-specific T cell response and select a subset of responses for study may have led to under-estimation of the frequency of responses being escaped. Responses were typically mapped at 4-6 months FOSx, then the kinetics of expansion/contraction of responses to optimally-defined epitopes was followed from the earliest available time-point and those which persisted at frequencies high enough for analysis over the first year of infection were selected for study. It is thus conceivable that our mapping may have missed T cell responses that expanded quickly in acute infection, were rapidly escaped, then fell to sub-detectable magnitudes [3, 6] ; or that we may have excluded responses that were escaped and had declined by 1 year. Rapidly-escaped epitope-specific responses that could have been missed may have included some of the highest avidity responses, as high avidity responses are reported to be preferentially escaped in acute infection [17, 29] : this may also have led to under-estimation of the proportion of responses showing a reduction in functional avidity over the first year. Arguing against this however is our detection of a comparable frequency of intra-epitopic sequence variation here and in a recent study of 5 acutely-infected individuals where the HIVspecific T cell response was comprehensively mapped with autologous virus sequence-based peptides and acute/early escape from the entire response was analysed [3] .
Of 33 epitopes studied, over half evolved intra-epitopic mutations within the first year following presentation and the majority of these mutations were confirmed to confer T cell escape. There are, however, limitations to the use of this approach for determining the proportion of responses undergoing escape, including the relevance of in vitro assays using high peptide concentrations for predicting recognition of viruses expressing the variant sequences [30] , and the inability to evaluate the effect of mutations on antigen processing. When analysing epitope-flanking sequences, we found change(s) in regions surrounding 7 epitopes that did not exhibit intra-epitopic variation, which may have affected their processing. The true proportion of T cell responses that was escaped may thus have been higher than we demonstrated. Despite these caveats, we detected a high level 
of viral sequence variation and escape during the first year of HIV infection. The impact of mutational escape on control of viral replication may however be ameliorated to some extent by the evolution of responses to variant peptides (which we observed in several cases) and/or the fitness costs incurred by the virus in achieving escape, which can be high, particularly for epitopes are located in structurally-conserved proteins such as Gag p24 (reviewed in [31] )
When measuring the frequency of alteration in the functional avidity of epitope-specific T cell responses during the first year of HIV infection, we found that < 10% of responses declined in avidity by ≥ 1 log over this period. It is unclear what level of decline in response avidity as assessed in our in vitro IFNγ ELISPOT assays would have had a significant impact on in vivo control of viral replication, particularly given that the mechanisms by which CD8+ T cells mediate control of HIV replication in vivo are not well understood, and the relationship between response avidity and effector capacity may not be the same for all effector functions [24, 25] . However, even if a decline in response avidity of ≥ 0.5 log was considered sufficient to have a significant impact on in vivo control of viraemia, still only 5/33 (15%) of responses would have been affected by avidity decline over the first year of infection. This was surprising and contrasts with findings made in a previous study by Lichterfeld et al. [9] , who reported that a large proportion of high avidity T cell responses that were immunodominant in early infection had declined in avidity by chronic infection (typically several years into infection). The methods used to assess response avidity here and in the study by Lichterfeld et al. differed, which may have affected the results obtained. Perhaps more importantly, Lichterfeld et al. studied only responses that were initially immunodominant and of high avidity, whereas we looked at a cross-section of immunodominant and subdominant responses of both high and low avidities. Work in murine chronic infection models has shown that immunodominant high avidity T cell responses are more likely to become exhausted/deleted in the presence of ongoing antigenic stimulation than initially subdominant responses of lower avidity [32, 33] . Further, we assessed changes in response avidity over only the first year of infection: the longer interval between the time-points studied by Lichterfeld et al. may have given time for a higher proportion of responses to drop in avidity. Reduction in the avidity of T cell responses may be more common in chronic infection as T cells become exhausted by continued antigenic exposure [34] .
It is interesting to consider the mechanisms that may have contributed to the changes in T cell response avidity that we observed. We found one example of a reduction in response avidity in the absence of sequence change in/around the epitope, which may have been due to exhaustion and/or deletion of the highest avidity T cell clones involved in the epitope-specific response. In two other cases, a reduction in functional avidity occurred in association with intra-epitopic sequence variation, hence may have resulted from variant peptidedriven expansion of T cell clones with lower avidity for the index sequence epitope. Interestingly, we also found four examples of increases in response avidity over the first year of infection. Two of these occurred in association with intra-epitopic sequence variation, and in one of these cases it appeared that an escape mutation had been transmitted that then reverted, stimulating expansion of T cells able to recognise the original epitope with higher avidity than the initial response [35] . In the other epitopes, the increases in response avidity may have reflected selection of a subset of higher avidity epitope-specific cells over time [36] , or maturation in response avidity in the absence of changes in T cell receptor usage [37] .
Conclusions
The results of this study show that sequence variation and escape occur much more frequently than reduction in the avidity of T cell responses during the first year of HIV infection, suggesting that escape represents a more important means of viral evasion of CD8+ T cell control in acute/early HIV infection (although other mechanisms, such as a decline in the functional capacity of virus-specific CD8+ T cells may also contribute to impairment of T cell control of HIV replication during early infection). The tremendous capacity of the virus to escape from CD8+ T cell responses (shown here and in previous studies) poses a huge problem for the design of HIV vaccines aiming to elicit cell-mediated immune responses, and development of strategies for limiting escape from vaccine-induced T cell responses is paramount. These may include induction of broad T cell responses to multiple viral epitopes, individual components of which are less likely to be escaped [17] , targeting conserved epitopes in which viral sequence variation is limited due to structural constraints (reviewed in [31] ), and stimulation of T cell responses that can crossrecognise epitope variants efficiently to reduce viral options for escape from T cell control [38, 39] .
Methods

Patients and blood samples
Individuals acutely-infected with HIV-1 were recruited at the Mortimer Market Centre for Sexual Health and HIV Research (London, UK). Subjects were mostly male Caucasians who presented with symptoms of acute retroviral illness. Study approval was obtained from The National Health Service Camden and Islington Community local Research Ethics Committee and blood samples were drawn with written informed consent. Blood was drawn into ethylene diamine tetra-acetic acid (EDTA) (Sigma, Gillingham, UK) and PBMC were isolated over Histopaque 1.077 (Sigma) and cryopreserved. All subjects chose not to receive antiretroviral therapy throughout the study duration with the exception of MM7 who received anti-retroviral therapy from 62-156 DFOSx. The setpoint persisting viral load established in each subject was calculated as described in [40] .
HLA class I typing
Genomic DNA was purified from patient PBMC using a QIAamp DNA blood mini kit (QIAGEN Ltd, Crawley, UK). High resolution class I typing was performed by the Oxford Transplant Centre (Churchill Hospital, Oxford, UK) using a polymerase chain reaction (PCR) method with sequence-specific primer mixes.
Population sequencing of plasma virus RNA
Population sequencing of plasma viral RNA was performed as previously described [3] . Briefly, HIV-1 RNA was isolated from plasma using a QIAamp viral RNA mini kit (QIAGEN), and cDNA was synthesized from replicate plasma virus RNA preparations using SuperScript III reverse transcriptase (Invitrogen Life Technologies, Carlsbad, CA, USA). Replicate cDNA samples (200-1200 RNA molecules/reaction) were subjected to nested PCR amplification using an Elongase enzyme kit (Invitrogen). All PCR products were sequenced directly. This approach enables detection of variants present at frequencies of 20% or more in the viral quasispecies [41] . Nucleotide changes were considered to be fixed in the viral quasispecies if they evolved to become the sole residue detected over time.
Synthetic peptides
Peptides were synthesised by FMoc or TBoc chemistry and purchased in a peptide-amino acid format either from Sigma or Mimotopes (Clayton, Australia).
Mapping of the HIV-specific T cell response
HIV-specific T cell responses were mapped by IFNγ ELISPOT assay using a peptide matrix screening approach as described previously [3] . Briefly, cryopreserved patient PBMC (typically pooled cells from two sample time points within the first 6 months FOSx) were tested by IFNγ ELISPOT assay for responses to matrices of peptides (18- The functional avidity of CD8+ T cell responses at sequential time-points during the first year of HIV infection was determined by peptide-titrated IFNγ ELI-SPOT assay. Index sequence (earliest autologous sequence determined) peptides were titrated (between 10 -4 M and 10 -11 M) against a constant number of PBMC (1.5-2 × 10 5 /well). The functional avidity was determined as the peptide concentration required to elicit half of the maximal IFNγ response in the assay.
Analysis of effect of intra-epitopic sequence variation on T cell recognition (escape analysis)
Patient PBMC (1.5-2 × 10 5 /well) were stimulated with log-fold titrations of either index or variant sequence peptide(s) in IFNγ ELISPOT assays. A variant peptide was deemed an escape variant if its half-maximal stimulatory concentration was at least 10-fold higher than that of the index sequence peptide.
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